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To obtain high sensitivity, efficiency, reproducibility and specificity, has been the 
goal in biochemical detection. Surface enhanced Raman scattering (SERS), which utilizes 
localized surface plasmon resonance (LSPR) of noble metals to significantly enhance 
Raman signals of molecules, is one of the most promising techniques for bio-sensing. 
Silver has been the dominant substrates for SERS due to its ultrahigh sensitivity. 
Comparing to silver, gold has its advantages in better bio-compatibility, less toxicity, and 
more tunable surface plasmon resonance (SPR) properties for potential photothermal 
applications in cancer treatment. Developing spiky gold nanostructures with sharp tips and 
dense junctions is the key to making its SERS performance comparable to silver. 
In this study, the synthesis of Au nanoblades for SERS activity with high sensitivity 
has been explored. By utilizing the galvanic replacement reaction between chloroauric acid 
(HAuCl4) and Ag nanocapsules with 3,4-dihydroxyphenylalanine (DOPA) as surfactant 
and reducing agent, a new spiky structure of Au nanoblades coated on Ag nanocapsules 
vi 
 
was successfully synthesized. The concentration of DOPA and reaction time can 
significantly affect the number and morphology of Au blades. The lengths of Au 
nanoblades can vary from 20 nm to 100 nm under different reaction conditions. The SEM 
and EDS results have demonstrated the mechanism of the growth of Au nanoblades and 
the role of DOPA. The formation of AgCl during galvanic reaction between HAuCl4 and 
Ag nanoparticles can promote non-epitaxial growth of Au on the AgCl precipitates. DOPA 
serves as a reducing agent to reduce HAuCl4 to Au and a capping agent to favor the growth 
of sharp tips. Raman test results showed that the Au nanoblades detected Raman spectra of 
Nile blue with a concentration as low as 10-10 M. The high sensitivity and detection limit 
can be attributed to the dense sharp tips and small junctions as hotspots along the whole 
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More than 40 years have passed since Fleischmann et al., firstly discovered that 
electrochemically roughened silver (Ag) electrodes can significantly enhance the Raman 
scattering spectrum of pyridine molecules [1]. Since then, countless efforts have been put 
in the research of surface enhanced Raman scattering (SERS). By utilizing localized 
surface plasmon resonance (LSPR) of noble metal nanostructures to substantially enhance 
Raman signals of molecules, SERS is one of the most promising techniques for bio-
molecule sensing with high sensitivity and efficiency. At confined positions of 
nanostructures, such as the junctions of adjacent nanoparticles and the tips of nanostars, 
electric (E) fields are greatly enhanced. These locations are called hotspots [2]. SERS has 
quadruple dependence on the localized E-field, which makes the enhancement in the 
localized E-field a dominating factor to SERS [4]. Therefore, developing substrates with 
plentiful hotspots is the key to improve SERS performance. Different types of SERS 
substrates have been developed in the previous research, including roughened metal 
surfaces, nanogaps, sharp nanostructures and core-shell nanostructures. Different methods 
can be applied for the fabrication of these substrates, such as chemical etching, 
electrochemical deposition, lithography patterning, bio-assisted assembly [5]. 
Although Ag generally has better performance in SERS enhancement than gold 
(Au), Au has its unique advantages in better bio-compatibility, less toxicity, and broader 
tunable surface plasmon resonance (SPR) band for other applications such as near-infrared 
photothermal effect [6]. Compared to the smooth Au nanoparticles with a similar size, 
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spiky nanostructures, such as nanoflowers and multi-pods, present a more significant 
enhancement in SERS performance, due to the numerous hotspots in every individual 
nanoparticle [7]. Different approaches can be utilized to generate complex Au spiky 
structures, including one-plot synthesis, seed-mediated method, galvanic replacement 
reaction and lithography.  
In this study, we utilized Ag nanocapsules reported in the previous research [8] to 
study the synthesis of Au nanoblades with sharp tips via a galvanic reaction between 
chloroauric acid (HAuCl4) and Ag nanoparticles. Different reaction conditions were 
examined, to tune and optimize the number and morphology of Au nanoblades. After 
obtaining the optimal nanoblades sample, Raman testing was conducted to compare the 
SERS performance of this spiky structure to the state-of-the-art Ag substrates. 
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Chapter 1: Literature Review 
 




The goal in biochemical detection is to obtain high sensitivity, efficiency, 
specificity and reproducibility. Surface enhanced Raman scattering (SERS), which utilizes 
localized surface plasmon resonance (LSPR) to significantly enhance Raman signals of 
molecules, is one of the most promising techniques for sensing. Electrons in conduction 
bands can oscillate collectively in noble metal nanostructures, which can substantially 
enhance electric (E) fields in specific nanoscale locations. These confined nanoscale 
positions are called hotspots, such as the junctions of adjacent nanoparticles and the tips of 
nanostars [2]. Near hotspots, Raman scattering spectra of molecules are significantly 
increased with |E|4 dependence [3]. SERS has been widely applied in analytical chemistry, 
single molecule sensing, environmental monitoring and biomedical detection. 
However, the practical applications of SERS are still facing a few obstacles. It is 
difficult to develop nanostructures as substrates that can provide enough uniform hotspots 
for SERS enhancement. Identifying the hotspots of a SERS substrate takes a great amount 
of time and efforts. The substrates need to be reproducible and have relatively long life-
time for repeat usage. Lastly, abundant bio-chemicals in practical environment make it 





SERS performance can be affected by two major factors:  electromagnetic 
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enhancement induced by the plasmonic resonance of noble metal nanoparticles [9] and 
chemical enhancement induced by the charge-transfer of the noble metal particles and 
analytes [10]. When electromagnetic waves interact with a metal nanoparticle, the electrons 
in conduction bands of a metal nanoparticle oscillate collectively, which induces enhanced 
localized E-field. SERS has quadruple dependence on the localized E-field: , 
where EF is the enhancement factor, E0 is the external field and the localized E field has a 
resonant angular velocity ωL [11]. Therefore, the enhancement of the localized E-field is a 
dominating factor to SERS and the most effective approach to improve SERS sensitivity. 
 
Figure 1.1:     (a) Schematic of localized surface plasmon resonance (LSPR); (b) 
Extinction coefficient of a Ag nanoparticle of 35 nm in vacuum. [12] 
 
1.1.3 Typical SERS Substrates 
 
1. 1. 3. 1 Roughened Metal Surfaces 
 
Roughened silver electrodes are the first-studied SERS substrates in history [10]. 
Roughened metal surfaces provide plentiful hotspots for SERS application. Templated 
electrochemical deposition of Ag or Au can produce thin films with roughened surfaces on 
top of the electrodes [13].  
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Chemical etching is also a typical approach for generating roughened surface. Caob, 
et al., showed that Fe electrode with chemical etching by H2SO4 and KCl can lead to 
roughened surface and improved performance in SERS performance [14]. Leonid, et al., 
demonstrated that roughed star-fruit shaped Au nanorods have significantly better SERS 
enhancement comparing to smooth Au nanorods [15]. However, these roughened metal 
surfaces generally can not provide effective number of hotspots and therefore do not have 
significant SERS performance in actual applications. 
 
 
Figure 1.2:    Typical substrates for SERS: (a) starfruit gold nanowires with roughened 
surface [15]; (b) silver nanosphere dimers [20]; (c) arrays of pyramidal wells with 
roughened gold structure [23]; (d, e) Au/Pt/Au nanoraspberry [25] 

















1. 1. 3. 2 Nanogaps 
 
Nanogaps with a size less than 2 nm between nanoparticles are effective hotspots 
for SERS [16]. By controlling the aggregations nanoparticles, nanogaps can be formed, 
such as dimers, trimers and clusters. The formation of dimers and trimers typically involve 
linker molecules for binding interactions between monomers. Feldheim, et al., have 
demonstrated that multivalent thiol-linkers can be utilized to form small clusters of Au 
nanoparticles [17]. Chen, et al., have shown that thiol-terminated hydrophobic ligands can 
functionalize the surface of Au nanoparticles and then polymers can be utilized to 
encapsulate them to form Au dimers [18]. 
Bio-assisted fabrication is an effective approach for forming dimers and trimers. 
DNA origami is frequently used as a scaffold to assemble Au nanoparticles on specific 
sites [19].  
However, the formation of dimers and trimers usually involve complicated surface 
functionalization. The biological or organic linkers may prevent the analytes from 
approaching the hotspots, which limits the SERS applications of these structures [20]. 
 
 
1. 1. 3. 3 Sharp Nanostructures 
 
Nanostructures with sharp tips or branches can provide effective hotspots for SERS. 
Lithography is a frequently used technique for generating arrays of periodic sharp 
nanostructures. Typically, polymer nanopyramids templates with sharp tips are prepared in 
advance. Then, a thin layer of Ag or Au is coated on top of the templates through sputtering. 
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Nanoimprinting lithography can be applied to producing sharp polymer templates [21]. 
This template-assisted method can produce sharp nanostructures with high efficiency. 
However, tuning the morphology and size of sharp tips may be challenging. 
Chemical synthesis is another approach for fabricating sharp nanostructures. By 
selecting appropriate surfactants and controlling reaction conditions such as temperature, 




1. 1. 3. 4 Core-shell Nanostructures 
 
Core-shell nanostructures generate small junctions between the core and shell, 
which can be applied as SERS substrates. Typically, the core and shell are composed of 
Au or Ag, and a thin layer of silica or polymers is placed between to separate the two 
components. This thin layer helps settle the relative locations of the two components and 
therefore the gap size [24]. Xie, et al., have synthesized a core/shell Au/Pt/Au 
nanoraspberry structure for in-situ detection of Pt-catalyzed reactions utilizing SERS 
enhancement [25]. Core-shell structures can also be applied to integrating two distinct 
functionalities into a single particle, such as combining plasmonic and magnetic properties 
for more complicated applications [26]. 
 
 
1.2 GOLD SPIKY NANOSTRUCTURES 
 
Although Ag generally has better performance in SERS enhancement than Au, Au 
has its unique advantages in better bio-compatibility, less toxicity, and broader tunable SPR 
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band for other applications such as near-infrared photothermal effect [6]. Recent researches 
have shown that Au branched nanostructures such as dendrites, nanostars and multi-pods, 
which have plentiful dense hotspots in the individual nanoparticles, can substantially 
enhance local E-field [7]. Compared to the smooth Au nanoparticles with a similar size, 
these spiky nanostructures present a more significant enhancement in SERS performance.  
 
 
Figure 1.3:     Au spiky nanostructures: (a) Au nanoflowers [27]; (b) Au nanostars [28];    
                    (c) Au spiky nanodumbbells [29]; (d) Au caterpillar-like nanotubes [30] 
 
 
1.2.1 Synthetic Methods 
 
Various methods have been developed for synthesizing Au spiky nanostructures. 
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In the next sections of this chapter, I will summarize various represented synthesis 
techniques, such as one-pot synthesis, seed-mediated method, galvanic replacement 
reaction and top down lithography [31]. 
 
1. 2. 1. 1 One-pot Synthesis 
 
One-pot synthesis is the most convenient approach for synthesizing Au spiky 
structures. Au precursors, reducing agent and capping agent are placed in one reaction 
container. By selecting appropriate surfactants and controlling reaction conditions such as 
reaction time and temperature, anisotropic growth of Au nanoparticles can be favored and 
leads to formation of spiky structures. Ascorbic acid, sodium borohydride (NaBH4), 
sodium citrate and hydroxylamine can be employed as reducing agents to reduce HAuCl4 




1. 2. 1. 2 Seed-mediated Method 
 
For this method, typically gold seed nanoparticles (1–3 nm) are prepared 
beforehand. They can be synthesized by using NaBH4 to reduce HAuCl4 with adding 
sodium citrate which serves as a surfactant. Next, a growth solution containing HAuCl4 
and reducing agents are added to the seeds. Hydroxylamine, sodium citrate, and ascorbic 
acid are the typical reducing agents used in this step [32]. Surfactants are necessary in 
controlling the shapes of Au nanostructures. Hexadecyltrimethylammonium bromide 
(CTAB) and tetradodecylammonium bromide (TCAB) are frequently used capping agents 
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in the synthesis of Au branched structures. The trimethylammonium group of CTAB can 
attach to specific crystallographic facets of the Au seeds selectively, and the other side of 
the chain molecules of CTAB can form a bilayer structure via van der Waals forces, which 
is crucial to the formation of Au branched structures [33]. 
 
 
1. 2. 1. 3 Galvanic Replacement Reaction 
 
Galvanic replacement reaction provides an effective way to synthesize noble metal 
nanoparticles with porous structures and hollow interiors along the surface. For this method, 
a metal template, such as Ag and Cu, is applied as a sacrificial template for galvanic 
replacement of Au. Xia et al. utilized Ag nanocubes as templates to synthesize Au 
nanocages. The standard reduction potential of the Ag+/Ag pair is lower than AuCl4
-/Au, 
which provides the driving force for the galvanic replacement reaction [34]. 
                          (1.1) 
 
The replacement reaction of Ag and HAuCl4 can form small holes and hollow 
structures on specific sites, due to the Kirkendall effect [50]. AgCl is generated during the 
reaction, which has a low solubility in H2O and deposits onto the whole surface of Ag 
nanoparticles. The formation of AgCl precipitates is critical to promoting the growth of Au 
non-epitaxially on the AgCl precipitates. With more HAuCl4 solution is added and reduced 
to Au by reducing agents, the heterogeneous growth of Au will be dominant. This 
eventually leads to the formation of Au hollow or spiky structures [35-37]. 
 
1. 2. 1. 4 Lithography 
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Lithography is a broadly used technique in making periodic substrates over a large 
area, such as arrays of nanotips and nanocones. Typical lithographical techniques include 
electron beam lithography (EBL), photolithography, nanosphere lithography (NSL) and 
nanoimprint lithography (NIL) [38,51]. To apply lithography methods for fabricating Au 
spiky structures, typically polymer nanopyramids templates with sharp tips are prepared in 
advance. Then, a thin layer of Au is coated on top of the templates through sputtering [39]. 
Wu et al., develped the fabrication of polymer cones with high density and dense sharp 
tips, through 3D NIL with silicon cones. The SERS substrates using these sharp tips coated 




1.2.2 State-of-the-Art Au Spiky Nanostructures 
 
Different types of Au spiky nanostructures have been successfully synthesized, 
including Au nanostars [27], Au nanoflowers [28], Au spiky nanodumbbells [29] and Au 
caterpillar-like nanotubes [30]. They usually have roughened surfaces and different 
numbers of tips and branches 
 
 
1. 2. 2. 1 Au Nanostars 
 
Au nanostar is one of the spiky structures that are firstly synthesized successfully 
in research [41]. Star-shaped Au nanoparticles can be synthesized via a one-pot colloid 
chemical synthetic approach with CTAB. The limitation of this method is that it can only 
produce star-shape multipods with only several nanotips. Highly branched gold nanostars 
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with more tips are usually obtained via a seed-mediated method [42-44]. 
 
1. 2. 2. 2 Au Nanoflowers 
 
Compared to Au nanostars typically with only a few tips, nanoflowers generally 
have more petal-shaped tips, which are more useful in SERS application. Nanoflowers can 
be obtained through a galvanic replacement reaction. Pradhan et al., have reported 
polystyrene bead supported Cu nanoparticles can react with HAuCl4 to form Au 
nanoflowers with dense petal-shaped tips at 90℃ [27]. The galvanic exchange rate and 




1. 2. 2. 3 Au Spiky Nanodumbbells 
 
Au spiky nanodumbbells comprise a Au nanorod with multiple spikes at both ends. 
It combines two unique properties of Au nanorods and Au nanostars. The synthesis of this 
nanostructures is based on the seed-mediated growth approach, by reduction reaction of 
HAuCl4 on as-prepared Au nanorods. Poly(N-vinylpyrrolidone) (PVP) and N,N-
dimethylformamide (DMF) are employed for assisting the growth of Au nanostars on both 
ends of Au nanorods [29].  
The growth of spikes at the Au nanorods can impact the longitudinal and transverse 
resonance modes differently. A significant redshift is usually induced for the longitudinal 
resonance mode, and the transverse mode only redshifts slightly and becomes broader in 
wavelengths. These two distinct absorption peaks provide potential application in dual 
functionalities [29, 47-49]. 




1. 2. 2. 4 Au Caterpillar-like Nanotubes 
 
Au caterpillar-like nanotubes provide sharp tips and hollow interior along the whole 
surface of the nanotubes. Yang et al., have reported the synthesis of caterpillar-like 
roughened Au/Ag nanotubes, by using Ag nanowires as a sacrificial template. 3,4-
dihydroxyphenylalanine (DOPA) was crucial to the growth, serving as reducing agent and 
surfactant. The galvanic reaction between the HAuCl4 and Ag nanowires produced the 
hollow interior along the nanotubes. The layer of hollow structure served as a platform for 
further growth of the spiky tips on the surface [30]. The dense spiky tips and hollow interior 
provide a significant amount of hotspots for SERS enhancement. 
 
 
1.3 SUMMARY OF LITERATURE REVIEW 
 
Surface enhanced Raman scattering (SERS), which utilizes localized surface 
plasmon resonance (LSPR) to significantly enhance Raman signals of molecules, is one of 
the most promising techniques for bio-molecule sensing with high sensitivity and 
efficiency. Since SERS has quadruple dependence on the localized E-field and the 
enhancement in E-field is generally the most significant factor to SERS, developing 
substrates with plentiful hotspots is the key to improve SERS performance. Various types 
of SERS substrates have developed in the previous research, including roughened metal 
surfaces, nanogaps, sharp nanostructures and core-shell nanostructures. Different methods 
can be applied for the fabrication of these substrates, such as chemical etching, 
electrochemical deposition, lithography patterning, bio-assisted assembly. 
Although Ag generally has better performance in SERS enhancement than Au, Au 
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has its unique advantages. Compared to the smooth Au nanoparticles with a similar size, 
spiky nanostructures, such as nanoflowers and nanostars, present a more significant 
enhancement in SERS performance, due to the numerous hotspots in every individual 
nanoparticle. Different approaches can be utilized to generate complex Au spiky structures, 
including one-plot synthesis, seed-mediated method, galvanic replacement reaction and 
lithography. These synthetic methods provide a guidance for me to design a feasible 
approach to synthesize Au nanoblades. 
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Chapter 2: Experimental Setup and Characterization 
 
In this chapter, I will introduce the experimental setup and procedure for 
synthesizing Ag nanocapsules and Au nanoblades. Characterization techniques including 
SEM, EDS, Raman spectroscopy will also be demonstrated. 
 
2.1  EXPERIMENTAL SET-UP 
 
2.1.1 Fabrication of Nanocapsules 
 
Ag nanocapsules were fabricated with a method reported in the previous research 
[8]. Au nanowires were synthesized by electrochemical deposition into a nanoporous 
anodic aluminum oxide (AAO) template. A 500nm thick Cu layer was deposited on one 
side of the template via E-beam evaporation. The Cu layer sealed the nanopores of the 
template and served as a cathode. A platinum (Pt) wire and Ag/AgCl electrode were 
employed as an anode and a reference electrode, respectively. Before the deposition of Au 
segment, a segment of sacrificial Cu and Ni nanowires was deposited in the AAO template, 
to enhance the contact and uniformity of the interface between Au nanowires and the Cu 
layer. The electrolyte for depositing Au nanowires was cyanide based solution (434 HS 
RTU, Technic Inc.). The total number of electrons passing through the device controlled 
the lengths of different segments. The electrical charges and voltages for each segment are 
shown in Table 2.1 
 
 












Figure 2.2: Schematic of a three-electrode electrochemical deposition device

























Table 2.1: Electrodeposition conditions for Au nanowires 
 
 
After the electrochemical deposition, the sacrificial Cu/Ni segments and Cu layer 
on the AAO template were chemically etched. An aqueous solution of NaOH (2 M) was 
used to dissolve the AAO template to release the Au nanowires in the nanopores. 
Nanowires were rinsed twice in ethanol and deionized (D.I.) water and redispersed in D.I. 
water.  
Afterwards, the hydrolysis reaction of tetraethyl orthosilicate (TEOS) was utilized 
to synthesize a thin silica layer on the entire surface of Au nanowires. 0.8 mL of TEOS was 
mixed with 3 mL of ethanol, 0.2 mL of ammonia and 1.8 mL of D. I. water. The mixture 
was sonicated for 1 hour. The silica layer was used to support the growth of Ag 
nanoparticles (NPs). For the final step, Ag NPs were synthesized on the whole surface of 
SiO2 layer by the reduction reaction of AgNO3 to Ag. The as-prepared Au@SiO2 
nanowires were mixed with freshly dissolved AgNO3 (500 µL, 0.06 M) and ammonia (250 
µL, 0.12 M), and kept under stirring for 1 hour. After they were fully mixed, 
polyvinylpyrrolidone (PVP, 25 µM in ethanol, 10 mL, Mw=40000 g/mol) was added to 
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promote the growth of Ag nanoparticles. After 7 hours of reaction at 70 ℃, dense Ag 
nanodots were synthesized and covered the whole surface of Au@SiO2 nanocapsules. 
 
Figure 2.3: Schematic of the fabrication of Ag nanocapsules 
 
 
2.1.2 Synthesis of Au Nanoblades 
 
The Au nanoblades were synthesized via a galvanic reaction of HAuCl4 and Ag 
NPs, combined with redox reaction of 3,4-dihydroxyphenylalanine (DOPA) and HAuCl4, 
based on a method described in previous research [30]. Ag nanocapsules were used as the 
sacrificial template and DOPA was utilized as both the reducing agent and surfactant to 
favor the growth of Au spiky nanoblades.  
100 µL of as-prepared aqueous solution of Ag nanocapsules was combined with 
1.35 mL of H2O under stirring at a speed of 500 rpm. Then 150 µL of HAuCl4 (50 mM) 
was added immediately. After 30 seconds of reaction, 500 µL of DOPA (10 mM) solution 
was quickly added into the reaction solution. After 10 min, the final product of Au 
nanoblades was washed with D.I. water three times and redispersed in ethanol. 
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Figure 2.4: Schematic of growth of Au nanoblades from Ag nanocapsules 
 
 
2.1.3 Optimization of Au Nanoblades 
 
The morphology and number of Au nanoblades can be tuned and optimized by 
changing the concentrations of DOPA (the ratio of HAuCl4 and DOPA) and reaction time. 
We applied 5 mM, 10 mM, 15 mM and 20 mM of DOPA in different synthetic batches. 
Reaction time was examined for 2.5 min, 5 min, 7.5 min and 10 min, respectively.  
 




The morphology of the Ag nanocapsules and Au nanoblades were characterized 
with Scanning Electron Microscope (SEM – FEI Quanta 650 ESEM). Energy Dispersive 
Spectroscopy (EDS) was also utilized to examine the composition of the nanoblades. 
 
2.2.2 Raman Spectroscopy 
 
We measured the Raman scattering signals of Nile blue solutions with different 
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concentrations (100 nM, 10 nM, 1 nM, 0.5 nM, 0.1 nM). The nanoblades were mixed with 
20 µL of Nile blue solution for 10 mins incubation before measurements. A 633 nm 
Helium-Neon laser (random polarized, Research Electro-Optics, Inc.) was utilized as the 
excitation source to measure Raman scattering spectra. The resulting signals were filtered 
by a 633 nm edge filter and analyzed by a high sensitive spectrometer (Acton 2500, 
Princeton Instruments, Inc). 
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Chapter 3: Results and Discussion 
 
3.1  SEM IMAGES OF Ag NANOCAPSULES AND AU NANOBLADES 
 
As shown in Figure 3.1, Au nanowires with lengths of 9  0.2 µm are covered with 
a SiO2 layer of 160 nm thickness. Dense small Ag nanodots are obtained on the whole 
surface. The size of Ag NPs and hot spot junctions are 27  5 nm and 1.9  0.4 nm. The 






Figure 3.1: SEM images of Ag nanocapsules (a,b) 
 
 
The as-prepared Ag nanocapsules were used as a sacrificial template to grow Au 
nanoblades on top of the Ag NPs. As shown in Figure 3.2, dense sharp blades with length 
of 40  10 nm are synthesized on the whole surface of nanocapsules. Along with 
nanoblades, dense small particles with diameter of 5 nm grow on larger chunks with 
diameter of 90  10 nm. These sharp blades and dense small particles provide plentiful 
hotspots for SERS application. 








Energy dispersive spectroscopy (EDS) spectra were taken at the nanoblades. The 
spectra indicate that the nanoblades are mainly composed of Au (Figure 3.3). This result 
demonstrates that Ag nanocapsules can be used as sacrificial templates for replacement 
reaction with HAuCl4 to promote the growth of complex Au spiky nanostructures. By 
selecting appropriate surfactant and capping agent, the size and morphology of the 
nanostructure obtained from galvanic replacement can be controlled. In this work, DOPA 
was selected as the reducing agent and capping agent, which favors the anisotropic 
growth of Au sharp blades.  
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3.2  OPTIMIZATION OF AU NANOBLADES 
 
In this section, different reaction conditions for the growth of Au nanoblades were 
studied, to tune and optimize the size and morphology of the nanoblades.  
As shown in Figure 3.4, the number and size of nanoblades increase as the 
concentration of DOPA increases. When the concentration of DOPA is 5mM, only a few 
nanoblades grow on the surface of the nanocapsules. Instead, the surface is covered with 
dense particles with diameter of 5 nm. The junctions between the particles are mostly 
around 1.5  0.5 nm. As the concentration of DOPA increases from 5 mM to 20 mM, the 
lengths of the nanoblades can vary from 20 nm to 100 nm. 




Figure 3.4:     SEM images of nanoblades under different concentration of DOPA: (a) 5,  
(b) 10, (c) 15, (d) 20 mM 
 
 
Reaction time also has a significant effect on the morphology of nanoblades. As 
the reaction time increases, the junctions between larger particles decrease and particles 
become denser. Significant blades start to grow on the surface of the particles after 5 min. 
More nanoblades appear and the length of nanoblades increases as the reaction proceeds. 
The length of nanoblades can vary from 20 nm to 80 nm. EDS spectra taken at 2.5 min 
demonstrate that the particles are composed of Au and Ag, which indicates the galvanic 
reaction between HAuCl4 and Ag nanodots is not complete yet. 
 
 




Figure 3.5:       SEM images of Au nanoblades under different reaction time: (a) 2.5, (b) 




Figure 3.6:       Energy dispersive spectroscopy (EDS) spectrum of nanoblades at 2.5 min 
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The results indicate the mechanism of the growth of Au nanoblades and the role of 
DOPA. Similar to the mechanism described in previous research [30], at the early stage of 
growth, the dominant reaction is the galvanic reaction between HAuCl4 and Ag 
nanocapsules. The reaction generates AgCl precipitates, which have a low solubility in 
H2O and deposit on top of Ag NPs. The formation of AgCl can promote the growth of Au 
non-epitaxially on the AgCl precipitates. After adding DOPA into the reaction, the residual 
HAuCl4 continues to be reduced to Au by DOPA. DOPA serves as a capping agent to favor 
the growth of Ag spiky nanoblades. The heterogeneous growth of Au induces the formation 
of spiky blades on the surface of the nanocapsules. Therefore, the ratio of HAuCl4 and 
DOPA is critical to the number and length of the nanoblades obtained. The sample with 10 
mM DOPA added and 10 min reaction time has the most dense and uniform nanoblades 
and small junctions, therefore it is chosen for the characterization of SERS sensitivity. It is 
also notable that a few spiky Au nanospheres exist in the solution, which may be the growth 
of Au on the AgCl precipitates in the solution. 
 
3.3 RAMAN TESTING RESULTS 
 
In this section, the SERS sensitivity of the Au nanoblades was characterized. Nile 
blue was used as a testing molecule and its characteristic Raman peak at 595 cm-1 was 
examined. The test results showed that the Au nanoblades detected Raman spectra of Nile 
blue with a concentration as low as 10-10 M (100 pM). The detection limit is comparable to 
the state-of-the-art Ag SERS substrates. The high sensitivity can be attributed to the dense 
sharp tips and small junctions as hotspots along the whole surface of the nanocapsules. 
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Figure 3.7:      SERS spectra of Nile blue from 0.1 nM to 100 nM 
 
 
3.4 SUMMARY AND DISCUSSION 
 
With a method reported in the previous literature, Ag nanocapsules were fabricated 
under a continuous process of electrochemical deposition of Au nanowires, hydrolysis of 
TEOS to form a SiO2 layer, and coating of dense Ag NPs. Using Ag NPs as sacrificial 
templates, galvanic replacement reaction can promote the growth of Au nanoblades. DOPA 
was added to continue reducing HAuCl4 to Au blades and served as a capping agent at the 
same time. SEM images showed that dense sharp nanoblades with length of 40  10 nm 
and dense small particles with diameter of 5  2 nm were formed on the surface of the 
original nanocapsules. EDX spectra indicated the nanoblades were mainly composed of 
Au. 
To tune and optimize the morphology and size of the Au nanoblades, different 
reaction conditions were examined. The number and length of nanoblades increased as the 
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concentration of DOPA increased. The optimal concentration of DOPA appeared to be 10 
mM, as the nanocapsules had the most dense and uniform nanoblades and small junctions 
under this condition. When the concentration of DOPA is 5mM, only a few nanoblades 
grew on the surface of the nanocapsules. Instead, the surface was mostly covered with 
dense particles with diameter of 5 nm. The lengths of the nanoblades varied from 20 nm to 
100 nm, as the concentration of DOPA increased from 5 mM to 20 mM. Reaction time also 
had a significant effect on the morphology of nanoblades. The size of junctions between 
larger particles decreased and particles became denser as the reaction proceeded. EDS 
spectra taken at early stage demonstrated that the particles were composed of Au and Ag, 
which indicated the galvanic reaction between HAuCl4 and Ag nanocapsules was not 
complete yet. The lengths of nanoblades varied from 20 nm to 80 nm, as the reaction time 
increased from 2.5 min to 10 min. 
The galvanic reaction between HAuCl4 and Ag NPs generates AgCl deposited on 
the surface of Ag NPs. The formation of AgCl can induce the non-epitaxial growth of Au 
on the AgCl sites. DOPA serves as a reducing agent to reduce HAuCl4 to Au and a capping 
agent to favor the growth of sharp blades. The ratio between HAuCl4 and DOPA is critical 
to the number and morphology of the nanoblades obtained. 
Raman test results showed that the Au nanoblades detected Raman spectra of Nile 
blue with a concentration as low as 10-10 M (100 pM). The high sensitivity and detection 
limit can be attributed to the dense sharp tips of nanoblades and small junctions as hotspots 
along the whole surface of the nanocapsules, which is comparable to the state-of-the-art 
Ag SERS substrates. 
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Chapter 4: Conclusion 
 
In this research, I have studied the synthesis of gold nanoblades for surface 
enhanced Raman scattering activity with high sensitivity. I have reviewed the mechanism 
of SERS and typical SERS substrates developed in the previous research. I have also 
summarized the synthetic methods for Au spiky nanostructures and state-of-the-art Au 
sharp nanostructures. In this project, by using the galvanic reaction between HAuCl4 and 
Ag nanocapsules with DOPA as surfactant, I successfully synthesized a new spiky structure 
of Au nanoblades coated on Ag nanocapsules. Moreover, I have studied how reaction 
conditions can tune and optimize the size and morphology of Au nanoblades. The 
concentration of DOPA and reaction time can significantly affect the number and length 
of Au tips. The SEM and EDS results have demonstrated the mechanism of the growth of 
Au nanoblades and the role of DOPA. The galvanic reaction between HAuCl4 and Ag NPs 
generates AgCl deposited on the surface of Ag NPs. The formation of AgCl can promote 
the growth of Au non-epitaxially on the AgCl precipitates. DOPA serves as a reducing 
agent to reduce HAuCl4 to Au and a capping agent to favor the growth of nanoblades. 
Raman test results showed that the Au nanoblades detected Raman spectra of Nile blue 
with a concentration as low as 10-10 M, which is comparable to the state-of-the-art Ag 
SERS substrates.  
Comparing to Ag substrates, Au has its advantages in better bio-compatibility, less 
toxicity, and more tunable SPR properties for potential photothermal applications in cancer 
treatment. The results of this study suggest the feasibility of building bi-functional 
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nanosensors for SERS and photothermal applications using Au nanoblades. 
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